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Canopy resistance estimation model based on the scaling-up leaf stomatal resistance is the focus of evapotrantion research, as 
there is a need to select the proper scaling-up model for winter wheat in typical areas of North China. Two years of field experi-
mental data are used for the Leuning-Ball and Jarvis stomatal model calibration and validation, canopy resistance estimation 
models are established based on Leuning-Ball and Jarvis stomatal models, their application effects are compared and verified. 
Results show that daily variation of stomatal resistance of winter wheat is higher than that of canopy resistance, and there exists 
scale differences between leaf and canopy scale; Leuning-Ball stomatal model can be better explicated by the response of stomatal 
conductance towards environmental factors; Leuning-Ball canopy resistance estimation models turn out to be an effective canopy 
resistance simulation, and thus can be applied to research on the scaling-up of vapor transmission resistance of winter wheat in 
typical areas of North China. 
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Evapotranspiration is an important component of mass and 
energy exchanges between plant and environment. There-
fore, an accurate estimation of evapotranspiration for un-
derstanding of which water-carbon and mass & energy ex-
changes has vital significance. Models for evapotranspira-
tion include single-layered [1], dual-layered [2] and other 
multi-layered [3], all of which can be used to describe soil 
evaporation and plant transpiration through different re-
sistances. Canopy resistance (rc) has already been used to 
calculate crop evapotranspiration, and there are no recom-
mended value [4] of rc for different crops at different growth 
stages. Since the availability of rc in different environments 
determines the accuracy of evapotranspiration, reliable rc 
estimation has turned out to be an important research topic, 
among which rc estimation models based on the scaling-up 
leaf stomatal conductance is the research focus. 
In the research of scaling-up leaf stomatal resistance to 
canopy resistance, firstly, canopy resistance is calculated 
based on direct measured data of leaf stomatal conductance 
with promoter, photosynthesis system, and other equipment. 
The analyses and statistics of methods are namely integral 
average, stratified sampling of top sunshine, weighting, ef-
fective leaf area index, level canopy stratification, mul-
ti-canopy leaf angle classification, and so on [5,6]. Secondly, 
nonlinear models are used to upscale resistance from leaf to 
canopy scale. Some methods regard the scaling-up models 
as functions of different meteorological phenomena, soil 
and crop growth characteristics [7–9], such as the applica-
tion of Jarvis model. Jarvis model is mostly based on 
short-term observed data to discuss the optimal methods of 
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canopy resistance models for leaf temperature, saturation 
deficit, photosynthetic active photo flux density, response- 
function of leaf water potential, and multi-variable functions 
[10], and some long-term model availability and feasibility. 
Other methods derive upscale models from the prospective 
of balance between environment and energy [12,13], such 
as derivation of canopy resistance by the Penman-Monteith 
equation or Gradient Theory through measuring sensible 
and heat latent fluxes or employing radiation balance and 
other related variables [14].  
Most of current studies concentrate on the realization of 
the scaling-up of rc based on Jarvis model and taking into 
consideration photosynthetically active radiation (PAR) dis-
tribution [5,15], sun and shade leaves [5,16,17], leaf area 
[18,19], and so on, or single scale photosynthesis-evapo-     
transpiration-stomatal conductance coupled model [20–22] 
based on Leuning-Ball stomatal conductance (stomatal re-
sistance) model. However, studies on the establishment of rc 
estimation models based on Leuning-Ball stomatal simula-
tion are fewer. This paper will make a case study of winter 
wheat in typical areas of North China, calibrate and validate 
parameters of Leuning-Ball and Jarvis stomatal models, 
regard PAR as scaling-up transformation factor to establish 
canopy resistance models, compare and verify the applica-
tion effects of two scaling-up models, and select proper 
scaling-up methods from winter wheat leaf to canopy scale 
in typical areas of North China.  
1  Material and methods 
1.1  Experimental site 
North China is one of the major grain production areas. The 
experiments are conducted from October 2007 to October 
2009 at the Irrigation Experiment Station of China Institute 
of Water Resources and Hydropower Research in Daxing, 
Beijing (39°37′N, 116°26′E). The experimental area falls 
within the semi-arid continental monsoon climate, where 
the annual average temperature is 12.1°C, the effective ac-
cumulated temperature (>10°C) is 4730°C, the average 
frost-free period is 185 days, and the sunshine duration is 
about 2600 h. In addition, the soil at 0–100 cm depth is 
sandy loam, and field capacity and bulk density at 0–100 
cm depth are 30.58% and 1.58 g cm3, respectively. 
1.2  Measurements 
(i) Field evapotranspiration.  An open-path eddy covari-
ance (EC) system (Campbell Scientific Inc., USA) was used 
to measure the actual evapotranspiration and installed near 
the south side of central winter farmland with the following 
computational equation: 
 ,aET w q     (1) 
where, ET is evapotranspiration, mm s1; a is the air density, 
kg m3;w′ is the pulsating quantity of vertical wind speed,  
m s1; and q′ is the pulsating quantity of vapor density, g m3;  
This study employs eddy covariance (EC) system to ob-
serve temperature, humidity, and fluctuation value of three- 
dimensional wind speed and soil heat flux during growing 
seasons of winter wheat. The installing height of the corre-
lator in the field is 3.1 m, with sampling frequency of 10 Hz, 
and average time of the statistics 30 min. WPL (Webb- 
Pearman-Leuning), the air density fluctuation correction, is 
employed for real time correction of CO2 flux and latent 
heat flux, and ultrasonic virtual humidity (influence of hu-
midity) correction for that of sensible heat flux [23]. Based 
on field observation data of winter wheat, energy closure 
verification is conducted for eddy covariance (EC) system, 
with an 80% showing a good performance of the equip-
ments [24]. In the process of handling measured data by 
eddy covariance (EC) system, abnormal data are eliminated 
based on the following principles: (1) precipitation daily 
observation data; (2) data obviously beyond the definition 
of physical meaning; (3) data when state of sensor showing 
abnormal; (4) winter wheat irrigation daily data. Besides, 
error incurred by energy non-closure can also be eliminated 
through calculation of the daily correction of latent heat flux 
by the Bowen ratio [25]. 
(ii) Leaf stomatal conductance and net photosynthetic 
rate.  Leaf stomatal conductance (gs), net photosynthetic 
rate (Pn), photosynthetic active radiation (PARa), and tem-
perature and humidity are measured by Li-6400 photosyn-
thesis equipment (Li-COR, USA) every 5 days on sunny 
days during growing seasons of winter wheat. A number of 
3–4 flag leaves are selected to measure once per 2 h from 
8:00 to 16:00. The data are recorded when fluctuation of 
data is small. The average respectively as measured results 
for gs, Pn and related environmental factors can be obtained. 
(iii) Plant height and leaf area index.  The leaf length 
(L), plant height (hc) and leaf width (W) of plants from the 
field are measured by a ruler at 15-day intervals throughout 
the growing season. The relationship between the product of 
L and W and the same leaf area, measured by a leaf area 
meter, is obtained previously. The correction coefficient is 
0.78. 
(iv) Extinction coefficient.  Photosynthetically active 
radiation of canopy top and bottom are measured by Sun-
Scan canopy analysis system (Dynamax, Inc, USA) contin-
uously every 15 days between 10:00–12:00. Finally, can-
opy extinction coefficient based on actual LAI can be fig-
ured out. 
2  Mathematical models 
Based on the Leuning-Ball model as well as the photosyn-
thetic light-response correction model and photosyntheti-
cally active radiation attenuation model, this paper regards 
PAR as the scaling-up transformation factor, and estimates 
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the value of rc based on the Leuning-Ball stomatal model. 
Meanwhile, rc estimation model is established according to 
the Jarvis stomatal model. 
2.1  Leaf stomatal conductance estimation models 
(i) Leuning-Ball stomatal model.  Due to limitations of 
relative humidity and low CO2 density towards the Ball sto-
matal conductance model, the Leuning corrected Ball model, 
and established the Leuning-Ball stomatal model [20]: 
  ns s0s s 0 ,( ) 1 VPD VPD
P
g m g
C      (2) 
where, gs is stomatal conductance, mol m
2 s1; Pn is net pho-
tosynthetic rate, mol m2 s1;  is CO2 compensation point, 
mol mol1; Cs is CO2 density of leaf surface, mol mol1; 
VPDs is leaf surface vapor pressure difference, kPa; m and 
VPD0 are empirical coefficients; and gs0 is the value of gs at 
CO2 compensation point. Relevant calculation formula can 
be found in [26]. 
(ii) Jarvis stomatal model.  Jarvis believes that stomatal 
conductance is the product of comprehensive influence of 
multiple environmental factors, which can be worked out by 
adding up the responses of stomatal conductance towards a 
single environmental factor. Yu et al. [27] reported that the 
accuracy of double-factor Jarvis model mets the short-term 
requirement. Therefore, winter wheat leaf stomatal model is 
established referring to double-factor Jarvis model of Zhang 
et al. [28]: 
     as s a
a
PAR
PAR VPD exp VPD ,
PAR
g g f      (3)  
where, PARa is captured photosynthetically active radiation 
on the leaf surface, mol m2 s1; VPD is saturated vapor 
pressure difference, kPa; and  and  are empirical coeffi-
cients. 
2.2  Photosynthetic light-response correction model 
Considering that rectangular and non-rectangular hyperbolic 
photosynthetic light-response model fail to give a better 
description of photo inhibition phenomena, and photo satu-
rated point given is lower than the measured value, Ye et al. 
[29] put forward a photosynthetic light-response correction 
model:  









    (4) 
where, Rd is dark respiration rate, mol m2 s1; a, b and c 
are empirical coefficients; and definition of other variables 
are the same as above. 
2.3  Photosynthetically available canopy degradation 
model 
Light attenuation in crop canopy could obey the Beer- 
Lambert law, therefore, photosynthetic active radiation 
captured by leaf (PARa) can be worked out through the fol-
lowing equation: 
  hPAR PAR exp ,K   (5) 
  a hPAR dPAR d PAR exp ,K K       (6) 
where, PAR, and PARh are photosynthetically active radia-
tion at certain canopy height and at the top of canopy re-
spectively, mol m2 s1;  is leaf area index from a certain 
height to the top of canopy; and K is extinction coefficient. 
2.4  Canopy resistance estimation models 
Taking PAR as the scaling-up transformation factor [30], 
suppose that the underlying surface is uniform distribution 
and ignoring the influence of soil vaporization, vapor pres-
sure variation inside the canopy and CO2 density variation 
[31,32]. The scaling-up canopy resistance estimation model 
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By substituting eqs. (2) and (4) into eq. (7), the Leun-
ing-Ball canopy resistance model can be obtained as: 
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By substituting eqs.(3) and (6) into eq.(7), the Jarvis 
























2.5  Canopy resistance 
Canopy resistance (rc) can be derived from the Penman- 
Monteith equation:  
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where, ra is aerodynamic resistance, s m
1; rc is canopy re-
sistance, s m1; Rn is net radiation, W m2; G is soil heat flux, 
W m2;  is hygrometer constant, kPa °C1;  is saturated 
vapor pressure—temperature hyperbola slope, kPa °C1; Cp 
is air specific heat at constant pressure, J kg1 K1; k is 
Karman constant, and the valued is 0.41; z is reference 
height, and the value is 2 m; uz is wind speed at reference 
height, m s1.  
Zero-plane displacement height (d) and roughness length 
governing momentum transfer (z0) vary with crop height (hc), 
so expression of their relationship can be obtained as [33]: 
 c0.63d h  (12) 
 0 c0.13z h , (13) 
where, hc is canopy height, m; and definition of other varia-
bles can be the same as above. 
2.6  Model evaluation index 
Model effect is evaluated through determination coefficient 
(R2), root mean square error (RMSE), average absolute error 
(AAE), average relative error (ARE) and model effective 
figure (EF). The detailed calculation formula can be found 
in [34]. 
3  Result and discussion 
3.1  Daily variation difference between leaf stomatal 
resistance and canopy resistance 
Figure 1 shows the daily variation of winter wheat leaf sto-     
matal resistance (rL) and canopy resistance (rc), daily varia-
tion of rL and rc is relatively consistent during different 
growth stages and under different meteorological conditions 
from 2007 to 2008, and 2008 to 2009. Winter wheat rL is 
higher than rc during two growing seasons, and the increase 
amplitude is 0.85%–487.46% and －24.54%–223.26% re-
spectively. By employing non-parametrical test of Friedman 
(F) to analyze daily variation difference between rL and rc 
(Figure 1), there are 4 groups on typical days showing sig-
nificant difference at the level of a=0.05. The results show 
that there are significant scale differences between the vapor 
transmission resistance of leaf and that of canopy, and rL 
cannot replace rc without scaling-up research. 
At 14:00, May 20th, 2008 (Figure 1(b)), rL is relatively 
higher, the repeated values measured at that moment are 
378.76, 458.22 and 1134.38 s m1 respectively, at the same 
time, instantaneous wind speed are 0.45, 0.43 and 0.13 m s1 
respectively. Xu et al. [35] concluded that the relationship 
between stomatal resistance and wind speed is negative. The 
decrease of wind speed at 14:00 could result in the rise of 
rL. The value of rc at that moment is slightly different from 
values at other moments, and rc is inverted based on the 
average time of statistics collected by eddy covariance (EC) 
system in 30 min interval. This shows that spatial and time 
scaling-up from leaf to canopy scale is simultaneous [36].  
3.2  Calibration and validation of leaf stomatal con-
ductance model 
(i) Calibration of leaf stomatal model.  By employing 
measured data (n=990) of winter wheat during the growing  
 
Figure 1  Daily variation of winter wheat leaf stomatal resistance and canopy resistance on typical days for (a) 2008-05-05; (b) 2008-05-20; (c) 2008-06-11; 
(d) 2009-05-02; (e) 2009-05-08; (f) 2009-05-30.  
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season from 2007 to 2008, parameters of leaf stomatal 
model of Leuning-Ball and Jarvis can be calibrated. That is, 
in the Leuning-Ball model, m=15.293, VPD0=0.657 kPa, 
gs0= 0.123, and in the Jarvis model, =265.668 and =0.4. 
The relationships between measured and simulated values 
are presented in Figure 2, and the computed goodness of fit 
indicators is summarized in Table 1. The regression coeffi-
cients between measured and simulated value using Leuning- 
Ball and Jarvis stomatal model are respectively 0.95 and 
0.93, with R2 0.65 and 0.47, RMSE 0.08 and 0.09 mol m2 s1, 
AAE 0.06 and 0.07 mol m2 s1; and EF 0.71 and 0.61, re-
spectively. Therefore, Leuning-Ball and Jarvis stomatal model 
can both effectively simulate the response of winter wheat 
leaf stomatal conductance towards environmental factors. 
(ii) Validation of leaf stomatal model.  By employing 
measured data (n=1440) of winter wheat during the growing 
season from 2008 to 2009, the leaf stomatal model of 
Leuning-Ball and Jarvis can be validated. The relationships 
between measured and simulated values are presented in 
Figure 3, and the computed goodness of fit indicators is also 
summarized in Table 1. The regression coefficients between 
measured and simulated value by the Leuning-Ball model 
and Jarvis model are respectively 1.06 and 0.84, with R2 
0.67 and 0.18, RMSE 0.10 and 0.15 mol m2 s1, AAE 0.09 
and 0.12 mol m2 s1, and EF 0.55 and 0.07, respectively. 
Compared with the Jarvis model, the Leuning-Ball model 
can better explain the response variation of winter wheat leaf 
conductance towards environmental factors. Jarvis double- 
factor model cannot reflect the changing characteristics of 
winter wheat leaf stomatal conductance from 2008 to 2009, 
There exist some annual limitations concerning parameters 
of the Jarvis model, which is consistent with the findings of 
Yu et al. [37] that estimation accuracy of the double-variable 
model meets short-term requirements, while not quite similar 
to their findings of the 3 to 4 variable model for a long period. 
3.3  Verification of canopy resistance estimation model 
Leuning-Ball and Jarvis canopy resistance estimation model 
are conducted combined with winter wheat extinction coef-      
ficients and leaf area index (Table 2) during different peri-
ods, and the established scaling-up models as well as the 
measured value of winter wheat at typical moments of two 
growing season. Variations of measured and simulated  
 
Figure 2  Relationship between measured and simulated leaf stomatal conductance values of 2007–2008 for (a) Jarvis stomatal model; (b) Leuning-Ball 
stomatal model. 
 
Figure 3  Relationship between measured and simulated leaf stomatal conductance values of 2008–2009 for (a) Jarvis stomatal model; (b) Leuning-Ball 
stomatal model.  
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Table 1  Indicators of goodness of fit relative to model calibration and validation for winter wheat 
 b R2 RMSE (mol m2 s1) AAE (mol m2 s1) ARE (%) EF 
2007–2008 
Leuning-Ball stomatal model 0.95 0.65 0.08 0.06 2.03 0.71 
Jarvis stomatal model 0.93 0.47 0.09 0.07 3.46 0.61 
2008–2009 
Leuning-Ball stomatal model 1.06 0.67 0.10 0.09 1.53 0.55 
Jarvis stomatal model 0.84 0.18 0.15 0.12 2.69 0.07 
 
Table 2  Winter wheat extinction coefficients and leaf area indexes dur-
ing different periods for winter wheat 
Date Extinction coefficient Leaf area index 
2008-05-05 0.69 5.01 
2008-05-20 0.83 6.21 
2008-06-11 0.78 4.83 
2009-05-02 0.56 4.68 
2009-05-08 0.69 5.73 
2009-05-30 0.58 5.12 
 
value of canopy resistance at typical moments are shown in 
Figure 4, and the computed goodness of fit indicators is 
summarized in Table 3. The results show that the changing 
process of measured and simulated value of Leuning-Ball 
canopy resistance estimation model is generally the same. 
Regression coefficients between measured and simulated 
value are respectively, 1.01 and 1.12, with R2 0.77 and 0.46, 
RMSE 23.37 and 31.73 s m1, AAE 17.84 and 23.38 s m1, 
and ARE 19.67% and 32.10%. This indicates that Leun-
ing-Ball canopy resistance estimation model is relatively 
suitable to the application of typical areas of North China. 
However, when measured value of rc is relatively large, the 
error will also be increased, showing that Leuning-Ball 
canopy resistance estimation model and scaling-up trans-
formation factor can only describe canopy vapor transmis-
sion resistance, but fail to take the influence of soil water 
and soil evaporation into consideration. On the contrary, the 
influence of ground surface resistance is included in the 
process of inversion of rc by Penman-Monteith equation. 
Therefore, Leuning-Ball stomatal model should be coupled 
with soil water factor, and the influence of water stress upon 
leaf stomatal conductance should be taken into considera-
tion, such as Egea et al. [38] introduces water stress factor 
′ into the first item of the right side of eq. (2) to improve net 
photosynthetic rate-stomatal conductance coupling model.  
The measured and simulated values using the Jarvis 
canopy resistance estimation model are significantly differ-
ent (Figure 4), the regression coefficient of the simulated 
and measured values are respectively 0.62 and 1.76, with R2 
0.63 and 0.34, RMSE 67.38 and 97.41 s m1, AAE 49.33 
and 64.92 s m1, and ARE 50.69% and 76.14%. The results 
show that there are certain difficulties to estimate winter 
wheat canopy resistance through Jarvis model. This is 
slighty different from shade and sun leaf models established 
by Rochette et al. [5,39,40], which can effectively explain 
canopy conductance. The reason is that shade and sun mod-
els can distinguish stomatal conductance of crop shade and 
sun leaf, photosynthetically active radiation and leaf area 
index, which can improve the simulation accuracy of cano-
py conductance (resistance). 
3.4  Sensitivity analyses 
When input items of canopy resistance models of Leuning- 
Ball and Jarvis are varied respectively by ±10%, the changed 
range of ARE of canopy resistance simulated value is  
 
Figure 4  Variation of measured and simulated values of canopy resistance of winter wheat at typical moments for (a) 2007–2008 and (b) 2008–2009.  
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Table 3  Indicators of goodness of fit relative to model verification for winter wheata) 
  Related equation R2 RMSE (s m−1) AAE (s m−1) ARE (%) EF 
2007–2008 
Leuning-Ball canopy resistance esti-
mation model 
rco=1.01rcp 0.78 23.37 17.84 19.67 0.66 
Jarvis canopy resistance estimation 
model 
rco=0.62rcp 0.63 67.38 50.69 49.33 0.42 
2008–2009 
Leuning-Ball canopy resistance esti-
mation model 
rco=1.12rcp 0.46 31.73 23.38 32.1 0.57 
Jarvis canopy resistance estimation 
model 
rco=1.76rcp 0.34 97.41 64.92 76.14 0.22 
(a) rco stands for canopy resistance inverted by P-M equation; rc stands for canopy resistance based on the scaling-up transformation of leaf stomatal con-
ductance.  
Table 4  Analysis of input items and parametric sensitivity of canopy resistance models based on the scaling-up of leaf stomatal conductance 
 
Input items 
Relative error (%) Model 
parametric 
Relative error (%) 
 10 10 10 10 
Leuning-Ball canopy resistance 
estimation model 
K 2.16–0.37 0.66–2.57 m 6.81–2.35 2.46– 7.14 
LAI 8.59–5.44 8.03–11.44 VPD0 4.66–1.72 1.88– 5.40 
VPDs 3.07–4.87 11.26–2.66 gs0 9.06–2.62 2.77– 8.22 
PARh 9.61–1.70 3.98–4.09 a 7.26–3.01 3.20– 8.49 
Cs 3.34–8.82 8.63–1.79 b 0.57–4.73 4.93– 0.59 
   c 3.63–7.70 6.67– 3.38 
   Rd 1.84–2.35 2.09– 5.16 
   Γ 8.0–0.65 5.83– 1.43 
Jarvis canopy resistance estimation 
model 
K 14.2–0.58 9.04–5.13 α 2.97–5.11 4.10– 2.97 
LAI 16.51–5.20 5.98–10.16 β 2.67–6.13 5.84– 2.60 
VPD 1.25–14.13 21.29–2.60      
PARh 17.57–0.75 6.04–7.02      
 
summarized in Table 4. It is found that the sensitivity of 
Jarvis model of two input items, namely radiation and leaf 
area index, is higher than that of Leuning-Ball Model. 
Therefore, it will be more efficient to improve accuracy of 
the Jarvis model by distinguishing shade and sun leaves.  
When parameters of scaling-up models of Leuning-Ball 
and Jarvis are varied respectively by ±10%, the changed 
range of ARE of simulated value of canopy resistance is 
also summarized in Table 4. It is found that Leuning-Ball 
stomatal conductance model parameters (m and gs0), photo-
synthetic light-response correction model parameter (a), and 
CO2 compensation point impose greater influence upon 
Leuning-Ball scaling-up model, and photosynthetic light- 
response correction model parameters (c and Rd) follows. 
When parameters of Leuning-Ball stomatal model (m, VPD0 
and gs0), and Jarvis stomatal model ( and ) change be-
tween 10%–10%, changed range of ARE of simulated 
value of canopy resistance is 9.06%–8.22% and 5.84%– 
6.13%. Therefore, parameters of Jarvis model ( and ) is 
less sensitive at a canopy scale.  
4  Conclusions 
Through winter wheat field experiments during two grow-
ing seasons, differences of winter wheat vapor transmission 
resistance of leaf and canopy scale are revealed, and param-
eters of stomatal conductance models of Leuning-Ball and 
Jarvis are calibrated and validated. Leuning-Ball and Jarvis 
canopy resistance estimation model are calculated. Proper 
methods for winter wheat in typical areas of North China to 
achieve transformation of the scaling-up of leaf stomatal 
conductance towards that of canopy resistance are selected 
by verifying and comparing the application effects of two 
scaling-up models. 
Winter wheat stomatal resistance during two growing 
seasons is generally higher than that of canopy, with increas-
ing extent being 0.85%–487.46% and 24.54%– 223.26% 
respectively; there are significant scale difference of vapor 
transmission resistance of leaf and canopy by employing 
nonparametric test of Friedman; Leuning-Ball model can 
better explain winter wheat leaf stomatal conductance com-
pared with Jarvis model; estimation accuracy of long-term 
stomatal conductance by the Jarvis model is comparatively 
low; compared with Jarvis canopy resistance estimation 
model, the Leuning-Ball model can be more effective in 
estimation of canopy resistance variation by regarding pho-
tosynthetic active radiation as the scaling transformation 
factor; and that parameters of Jarvis canopy resistance esti-
mation model are less sensitive in canopy scale. Therefore, 
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the Leuning-Ball canopy resistance estimation model can be 
applied to scaling-up research of winter wheat vapor trans-
mission resistance in typical areas of North China. 
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